Understanding the retention of hydrogen isotopes in liquid metals, such as lithium and tin, is of great importance in designing a liquid plasma-facing component in fusion reactors. However, experimental diffusivity data of hydrogen isotopes in liquid metals are still limited or controversial.
I. INTRODUCTION
Designing reactors that can generate fusion energy as a viable energy source has been a great challenge for decades. One of the challenging issues is to build plasma-facing components that survive intense particle bombardments present in the harsh environment of a fusion reactor. In this regard, solid plasma-facing materials unavoidably suffer from erosion when they are exposed to high fluxes of particles, 1-3 which may also lead to performance degradation of the plasma-facing components. Recently, several experiments were conducted to study liquid metals, which own a series of attractive properties, as alternative plasmafacing materials. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, lithium (Li) is a low-Z metal that can be tolerated in plasma and has been widely used in these recent experiments. For instance, the performance of plasma in fusion reactors has been improved by using liquid lithium. [5] [6] [7] [8] [9] [10] [11] Moreover, recent studies found liquid lithium with inserted deuterium atoms can transform to solid lithium deuteride at high temperatures, resulting in largely suppressed sputtering yields 12, 15 . These studies also suggested that the operating temperature of lithium as plasma-facing material can be higher than previously thought. However, a significant change of thermal properties during the liquid-to-solid phase transition is expected, which is in general difficult to predict.
In order to be easily melted and then operated as plasma-facing materials, liquid metals should have a low melting point relative to the solid counterparts. Tin has a slightly higher melting point of 505 K 16 than lithium (453 K), 17 and is emerging as an alternative liquid metal of plasma-facing material. For example, a recent experiment by van Eden et al. 14 showed that liquid tin possesses vapor-shielding effect under ion bombardments at very high temperatures, resulting in a reduced heat flux on the liquid tin surface. Liquid tin owns some substantial advantages over liquid lithium. For instance, liquid tin can sustain higher surface temperatures because of its lower vapor pressures and material losses compared to liquid lithium. [18] [19] [20] Moreover, the retention of hydrogen in liquid tin was found to be much smaller than that of liquid lithium. 21 Tin also does not combust in the presence of sufficient water vapor, which is a significant advantage in terms of safety.
Hydrogen isotopes are fuels and their retention and recycling issues in an operated fusion reactor need to be thoroughly understood. 22 One of the unsolved issues is that the diffusion coefficients of hydrogen isotopes in liquid metals have not yet been well documented. Particularly, the diffusivities of hydrogen isotopes in liquid lithium are still controversial.
23,24
2
In addition, to the best of our knowledge, the diffusivity of hydrogen isotopes in liquid tin still lacks. It is difficult to obtain accurate diffusivity data in experiments, in part due to the existence of impurities in liquid samples. For instance, experiments found oxygen atoms form oxides with both lithium 8 and tin 19 and suggested the impacts of these impurities on the properties of liquid metals cannot be ignored. Notably, the diffusivities of hydrogen isotopes in liquid metals are able to be predicted from computational simulations, and the structural and dynamic properties of liquid metals can also be obtained. However, force fields are in need of empirical inputs, which are generally obtained from experiments or first-principles calculations, and the prediction power of these force fields requires to be thoroughly addressed via systematic tests. To the best of our knowledge, we are not aware of any valid force fields that have been well tested for studying deuterium diffusion in liquid tin. Thus, we use first-principles quantum mechanics as a first attempt to tackle this problem. Density functional theory, 30,31 a widely used first-principles method based on quantum mechanics, has become a powerful tool in predicting properties of various materials. In particular, density functional theory has been validated to be accurate enough to study bulk properties of solid tin. 32 Furthermore, molecular dynamics simulations based on the density functional theory have been proven to be suitable for studying liquid tin. 33, 34 A previous FPMD study of liquid tin on a 64-atom cell showed that the computed self-diffusion coefficients of tin atoms were only about half of the experimental values, 33 implying that the deviation may come from the use of a small cell. 33 The result was later improved in a FPMD simulation of a larger cell consisting of 205 tin atoms, 34 where the computed diffusivity of 3 liquid tin agrees well with experiments.
In this work, we perform FPMD simulations to study deuterium diffusion in liquid tin in a wide range of temperatures (573 to 1673 K). We begin by validating the ground-state properties solid tin phases. We then compute the radial distribution functions, static structure factors, and diffusion coefficients of liquid tin, all of which are in reasonably good agreement with experiments. Next, we study how the structures and dynamics of liquid tin change upon inserted deuterium atoms. Our simulations predict that the deuterium atoms in liquid tin diffuse faster than the self-diffusivity of tin. Additionally, we find that the diffusivity and structures of tin are insensitive to the inserted deuterium at temperatures and concentrations considered. We also observe that tin and deuterium do not form stable solid compounds.
These predicted results from simulations enable us to have a better understanding of the retention of hydrogen isotopes in liquid tin. The rest of the paper is organized as follows.
We introduce the computational methods in Sec. II. The results are presented and discussed in Sec. III. We draw conclusions in Sec. IV.
II. COMPUTATIONAL METHODS
The FPMD simulations of tin were performed with the ABACUS (Atomic-orbital Based Ab-initio Computation at USTC) package. 35 ABACUS was developed for large-scale density functional theory simulations based on a set of linear combination of atomic orbitals (LCAO). 36, 37 The plane-wave (PW) basis set is an alternative choice in ABACUS. By taking the advantage of real-space locality, the LCAO basis set is more efficient for large systems when compared to the PW basis set. The recently developed systematically improvable optimized numerical atomic orbitals 36, 37 were found to be an excellent choice in describing a variety of materials. 35 We adopted the norm-conserving pseudopotentials 38 for both tin and deuterium. The exchange-correlation functionals have different performances for solid tin.
The local density approximation 39, 40 was found to perform better 32 than the generalized gradient approximation 41 for structural and elastic properties of solid tin, whereas the latter one provides more accurate binding energies. For the liquid tin, the structural and dynamical properties of liquid tin at different temperature were accurately captured by the local density approximation in previous studies. 33, 34 For example, the radial distribution functions, dynamic structure factors, and diffusion coefficients were found to match reasonably well with experimental data. Therefore, we decided to use the local density approximation. We performed the Born-Oppenheimer molecular dynamics by utilizing the canonical ensemble NVT (constant number of particles N, constant volume V, and constant temperature T) with the Nosé-Hoover thermostat. 43, 44 We used the Verlet algorithm and the thermostat mass was chosen to ensure the fluctuations of temperature to be within 0.5%. The gamma point was adopted in the k-point sampling of the Brillouin zone. The masses of tin and deuterium were chosen to be 118.71 and 2.014 amu, respectively. In order to ensure the accuracy of integrals performed in Newton's equations of motion for atoms with different masses, the time step was chosen to be 1.0 fs for pure liquid tin and 0.2 fs when deuterium atoms were inserted. Two simulation cells were tested in order to validate the size effect 45 :
64-and 216-atom cells. The liquid densities of tin at different temperatures were chosen based on the experimental data in Ref. 46 . The liquid tin structure was first prepared by heating the α-tin structure at 1073 K for 5.0 ps. We then ran a 30 ps trajectory at each given temperature between 573 and 1673 K. Next, we randomly inserted a few deuterium atoms into these 216-atom liquid tin cells. For each system at a given temperature, the equilibrium process was run for 4 ps followed by a production trajectory for another 16 ps We analyze the structural and dynamic properties of liquid tin and liquid tin-deuterium systems through a few tools. The radial distribution function g(r) is calculated based on
where ρ is the ionic density, N is the total number of atoms, R i and R j are atomic coordinates of atoms i and j, respectively. Next, the partial radial distribution function 47 between two species α and β can be written as
The static structure factor S(q) has the form of
where q is the reciprocal space vector and q = |q|. The formula of diffusion coefficient is
where ∆r(t) 2 is the mean square displacement of atoms at time t. In our study, less accurate statistics are obtained for deuterium than tin atoms because there are a smaller number of deuterium atoms than tin atoms in the simulations. Consequently, the mean square displacements computed for deuterium atoms are less accurate than those for tin atoms.
In order to obtain trusted diffusion coefficients, we divided each tin-deuterium trajectory into five segments and calculated the final diffusion coefficient by averaging the diffusion coefficients computed from all segments. The diffusion data were shown with the standard deviation. We further adopt a decay function H(t) to compute the lifetimes of tin-deuterium bonds. 48 The decay function represents the fraction of unbroken bonds at time t m and is defined as
where N(t n ) is the number of bonds that break after n steps. A bond would be treated as a new one if it breaks and then reforms. The mean lifetime can be then defined as
where ∆t is the time step. We benchmark four phases of solid tin including α-tin, β-tin, body-centered tetragonal (bct), and body-centered cubic (bcc). Experimentally, the α-tin phase has the lowest energy, and transforms to β-tin with a tetragonal crystal structure at 286.3 K and atmospheric pressure. 54 At room temperature, the β-tin structure transforms to the bct structure at 9. atoms. We also find that the bulk moduli calculated from the two basis sets are all close within 1 GPa and agree well with experiments. Notably, both basis sets yield the same energy orderings among the selected four phases of solid tin: α-tin is the most stable phase, followed by β-tin, bct, and bcc phases. However, the LCAO basis predicts a 36 meV/atom of larger energy difference between α-tin and β-tin than the PW basis does. The error probably comes from the incompleteness of the LCAO basis set. Although this energy difference may be important in calculating the phase transition between α-tin and β-tin, we demonstrate that it does not affect our simulations of liquid tin, as evidenced in the following section.
Overall, we find that the first-principles calculations with the LCAO basis set well capture the bulk properties of solid tin crystals.
B. Liquid Tin
We next compare several properties of liquid tin obtained from simulations to available experiments. Figures 1(a) and (b) illustrate the radial distribution functions g(r) and static structure factors S(q) of liquid tin, respectively. The experimental data of S(q) were obtained from neutron scattering experiments. 33 We show g(r) and S(q) at temperatures ranging from 573 to 1673 K except the ones at 1373 K because the experimental data were suggested to be inaccurate. 33 In general, we find that the predicted shapes and positions of peaks in both g(r) and S(q) at these four temperatures match very well with the experiment data. are compared to the experimental results from Careri et al., 57 Bruson and Gerl, 58 Frohberg et al., 59 and Itami et al. 33 The first-principles molecular dynamics results from Itami et al. 33 using a 64-atom cell are also included. We also include the data (cyan) computed by classical force field from Ref. 29 .
to experiments, we list more characteristic features of radial distribution functions in Table   II , which contains the positions (r 1 , r 2 ) and heights (g(r 1 ), g(r 2 )) of the first and second peaks. Table II also includes the ratio (R r ) between r 1 and r 2 , the ratio (R g ) between g(r 1 ) and g(r 2 ), and the first coordination number N C . The data shown in Table II agree quite well with the experiment. 33 For example, the computed N C decreases from 10.5 (573 K) to 8.8 (1673 K), which is consistent with the experimental value that decreases from 10.7
(573 K) to 8.6 (1673 K). In addition, both R r and R g from simulations are close to the experimental data except at 1673 K. We point out that some discrepancies exist in r 2 and R r at 1673 K because the smooth second peak of g(r) at the temperature was difficult to g(r 1 ) and r 1 depict the height and position of the first peak, while g(r 2 ) and r 2 depict the height and position of the second peak. Two ratios R r = r 2 /r 1 and R g = g(r 2 )/g(r 1 ) are listed. N c is the first coordination number of liquid Sn. be located. We also notice that both r 1 and r 2 are reasonably accurate but slightly smaller than the experimental data. These discrepancies can be attributed to the utilization of the local density approximation that overbinds atoms. Furthermore, the shoulder feature of S(q) on the high-q side of the first peak (around 2.8Å −1 ) is captured by our simulations, in consistent with a previous first-principles study by Itami et al. 33 More detailed discussion on the shoulder feature of S(q) can be found in Ref. 33 . Note that there are some noisy features appear on the computed S(q) in Figure 1 (b), which are due to the fact that static structure factors are more difficult to converge than the radial distribution functions.
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Figure 1(c) illustrates the diffusion coefficients of tin in both 64-and 216-atom cells, as well as four sets of available experimental data. 33, [57] [58] [59] The experimental data are in excellent agreement at temperatures lower than 1200 K, so our comparison is mainly discussed in this temperature range. We observe that our diffusion coefficients of tin (red) from the 64-atom cell are close to those first-principles data (green) of Itami et al., 33 albeit both are significantly smaller than the experimental values. The underestimation of the diffusion coefficients is probably due to the size effect, because the imposed periodic boundary conditions create artificial interactions between images of liquid atoms, causing large errors in small cells.
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As expected, the diffusion coefficients calculated from the 216-atom cell (shown in black dots) are larger than those obtained from the 64-atom cell and in better agreement with experimental data. Although the size effect is still expected in the 216-atom cell and should be clarified in future studies, we consider the cell size is a good balance between accuracy and efficiency. In this regard, we study the deuterium diffusion in liquid tin by adopting the 216-atom cell.
C. Deuterium in Liquid Tin
To the best of our knowledge, we cannot find any FPMD simulations of deuterium diffu- temperatures considered, in stark contrast to the diffusion coefficients of lithium that can be significantly affected with the presence of deuterium. 
where R is the gas constant (in J·mol −1 ·K −1 ) and T (in K) is temperature. Besides the simulation data, we also show experimental data including lithium diffusivities from Blagoveshchenskii et al., 61 and tin diffusivities from Itami et al. 33 (blue squares) and Bruson and Gerl (dark green squares). 58 There are a few interesting observations in Figure 3 . (Figure 1(a) ) at each given temperature, indicating that deuterium atoms have only little impact on the liquid structure of tin atoms. Second, the position of the first peak of g SnD (r) is predicted to be around 2.1Å, which is shorter than that of g SnSn (r) (about 3.1Å). This implies that deuterium atoms prefer to stay between tin and its first shell of tin neighbors. In addition, the first minimum of g SnD (r) is at 2.6Å and we chose it as a cutoff for lifetime analysis. Figure 5 illustrates the calculated average lifetimes (Eq. 6) of the tin-deuterium bonds at different temperatures. We can see that the lifetime of the tin-deuterium bonds monotonically decreases as temperature increases. More importantly, the largest lifetime is 0.145 ps for the tin-deuterium bond at 573 K, implying that tin and its adjacent deuterium atoms dissociate quickly. We also observe formation of a few deuterium pairs that last for 0.1 ps on average, but the pairs dissociate quickly. We do not observe formation of deuterium clusters in liquid tin with inserted deuterium.
IV. CONCLUSIONS
Liquid tin is a promising candidate of liquid metal plasma-facing materials that have substantial advantages over solid materials. Therefore, the interactions between liquid tin and the fuels of a fusion reactor, i.e., hydrogen isotopes should be thoroughly understood.
For example, the knowledge of retention and recycling of hydrogen isotopes in liquid metal at different temperatures should be well documented. However, the diffusion coefficients of hydrogen isotopes in liquid metals such as lithium and tin are still controversial or even lacked from experiments. Classical force fields could be an ideal tool to study deuterium diffusion in liquid tin, but such models have not yet been established.
In this regard, we have performed first-principles molecular dynamics simulations to study deuterium diffusion in liquid tin. We first tested pure liquid tin at temperatures ranging from 573 to 1673 K. The computed radial distribution functions and static structure factors match reasonably well with the experimental data. Importantly, the diffusion coefficients calculated from a 216-atom cell agree better with experiments than those from a 64-atom cell, suggesting the 216-atom cell is more suitable for studying diffusivities of liquid tin. Next, we studied liquid tin with inserted deuterium and predicted the diffusion coefficients of deuterium in liquid tin at different temperatures. We predicted several interesting results. First, we found faster diffusion of deuterium in liquid tin than the self-diffusion of tin. Second, the tin diffusivity and structures are insensitive to the inserted deuterium at temperatures and concentrations considered. Finally, tin and deuterium do not form stable tin-deuterium solid compounds in liquid Sn 1−x D x . These predicted results from first-principles molecular dynamics not only gave us a better understanding of the retention of hydrogen isotopes in liquid tin, but can also be used to develop classical tin-deuterium force fields for large scale simulations.
In future, quantum-mechanics-based first-principles simulations and classical force fields can be utilized as important computational tools in understanding more fundamental properties of plasma-facing materials and their interactions with hydrogen isotopes and impurities at different environments. For example, tritium atoms can be introduced into liquid metals and their isotope effects can be studied. Moreover, it is worth examining the diffusion of hydrogen isotopes in liquid lithium-tin mixtures, which are also candidates of liquid metal plasma-facing materials.
